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Involvement of oxidation in LDL-induced collagen gene regulation in
niesangial cells. Oxidized low-density lipoprotein (Ox-LDL) is present in
the lesions of focal segmental glomerulosclerosis (FSGS), but the role of
Ox-LDL in the disease process is not clear. Recent studies have shown
that LDL stimulates the type IV collagen mRNA expression in cultured
mesangial cells. Thus, we examined whether oxidative stress is responsible
for the stimulation of LDL-induced collagen gene expression in cultured
human mesangial cells (HMCs). When quiescent HMCs were exposed to
serum-free media containing LDL for 48 hours, peroxidation of LDL was
induced as shown by the increased production of thiobarbituric acid-
reactive substances (TBARS). LDL stimulated the al(I), nl(III), and
nl(IV) mRNA expression in a dose-dependent manner. At a concentra-
tion of 200 g!ml, LDL enhanced the levels of al(I), al(III), and al(IV)
mRNA by 3.7-, 3.8- and 3.2-fold, respectively, over the levels in the control
cells. These transcripts were further increased 5.4-, 6.7-, and 5.9-fold,
respectively, by the addition of 500 g/ml of LDL. Cu-catalyzed
Ox-LDL at a concentration of 200 tg/ml also stimulated the al(I),
al(III), and al(IV) mRNA expression 4.4-, 5.9-, and 2.8-fold, respectively,
compared with the control cells. The addition of monoclonal antibody
(mAb) OL-10, which recognizes the malondialdehyde (MDA)-modified
peptide epitope, or vitamin E (50 tM) to cultured HMC exposed to LDL
markedly inhibited the stimulation of collagen gene expression. When
HMCs were incubated with MDA (200 jM), nl(I), al(III), and al(IV)
mRNA levels increased by two- to threefold compared to control cells.
Immunohistochemical staining utilizing mAb OL-lO demonstrated the
presence of MDAmodified proteins in the cytoplasm of HMC exposed to
either LDL or MDA. These results suggest that peroxidative products of
LDL stimulate collagen gene expression possibly via modification of
proteins, which are responsible for the expression of collagen genes in
cultured HMCs. Given that, lipid peroxidation of LDL may be implicated
in the development of glomerulosclerosis by facilitating excessive mesan-
gial matrix generation.
Focal segmental glomeruloscierosis (FSGS) represents a patho-
logical hallmark of progressive glomerular injury. Expansion of
mesangial matrix in association with excess collagen synthesis
frequently precedes the development of FSGS 111. The predom-
inant collagen of the glomerular mesangial matrix is from the type
IV family [21, which is also a main component of FSGS [3].
Interstitial (types I and III) collagens are not seen in normal
glomeruli [3, 4]. Yet types I and III collagens, though minor, are
demonstrable in the diseased glomeruli or in the lesions of FSGS
[4—6].
There is a morphologic similarity between lesions of FSGS and
atherosclerosis, suggesting that a common pathogenetic mecha-
nism, such as lipoprotein abnormalities, could be involved in the
formation of these two lesions [7—9]. Studies have suggested that
oxidatively modified low-density lipoprotein (LDL) plays an im-
portant role in the progression of atherosclerosis [10-131 and
glomerulosclerosis [9, 141. In support of the hypothesis that lipid
peroxidation of LDL plays a role in the progression of glomeru-
losclerosis is the fact that in the glomeruli of rats with experimen-
tal FSGS oxidized LDL (Ox-LDL) has been demonstrated [14],
and that dietary supplementation of lipid-soluble antioxidant,
vitamin E, attenuates the renal injury in rats with experimental
FSGS [15].
During incubations of LDL with cultured cells, polyunsaturated
fatty acids in LDL are highly susceptible to chemical oxidation
[16, 171. Studies in vitro examining the effects of LDL on collagen
synthesis demonstrate discordant results. In some studies, hyper-
lipidemic serum failed to increase, and even decreased, collagen
synthesis in cultured aortic smooth muscle cells [18—21]. None-
theless, Ox-LDL or components of oxidized lipid increased colla-
gen synthesis in cultured aortic smooth muscle cells or fibroblasts
[21, 22], suggesting a role for lipid peroxidation in collagen
production.
LDL is susceptible to oxidative modification in cultured mes-
angial cells [23—25], which are known to produce reactive oxygen
species [26, 27]. In cultured mesangial cells, types I, III and IV
collagens are present within the cell and in the medium [28, 291.
Rat mesangial cells in culture exposed to LDL exhibit an in-
creased mRNA expression for type IV collagen [al(IV)] [30, 31].
Yet the mechanism by which LDL regulates the collagen gene
expression in cultured mesangial cells is not clear.
In view of the putative importance of lipid peroxidation in the
collagen production, we postulate that oxidative stress is respon-
sible for the stimulation of LDL-induced collagen gene expression
in cultured HMC. In this study, we have attempted to demon-
strate that LDL during its incubations with HMC is oxidatively
modified and that this is the mechanism by which LDL stimulates
collagen gene expression in HMC.
Methods
Reagents
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Dulbecco's modified Eagle's medium (DMEM) was obtained
from Gibco Laboratories (Grand Island, NY, USA). Fetal calf
serum was purchased from Hyclone Laboratories, Inc. (Logan,
UT, USA). Restriction endonucleases, 3H-thymidine, 3H-proline,
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32P-dCTP, rediprime labeling kit, enhanced chemiluminescence
(ECL) system kit and nylon transfer membrane were from
Amersham (Arlington Heights, IL, USA). Dithiothreitol, low
melting agarose and salmon sperm DNA were from Boehringer
Mannheim (Mannheim, Germany). Qiaex gel extraction kit was
from Qiagen (Hilden, Germany). Enzyme-linked immunosorbent
assay (ELISA) typing kit was purchased from Bio-Rad (Rich-
mond, CA, USA). Guanidine thiocyanate, ethidium bromide,
bovine serum albumin (BSA), antibiotic—antimycotic, collagenase,
agar, tetramethoxy-propane, vitamin E and all other reagents
were from Sigma Chemical Co. (St. Louis, MO, USA). Goat
anti-type IV collagen was supplied from Southern Biotechnology
(Birmingham, AL, USA). Horseradish peroxidase-conjugated
rabbit anti-goat lgG and goat anti-mouse immunoglobulin, and
the alkaline phosphatase anti-alkaline phosphatase (APAAP)
staining kit were purchased from Dakopatts (Glostrup, Den-
mark).
Culture of HMC
HMCs were obtained from adult nephrectomy specimens, as we
have previously described [32]. Culture medium was made of
DMEM supplemented with 20% fetal calf serum, 200 mrvi L-
glutamine, and antibiotics (penicillin 100 UIml, streptomycin 100
xg/ml, and amphotericin 0.25 xg/ml). For the present experi-
ments, cells between the 5th and 7th passages were used.
LDL isolation and modification
Human LDL (density 1.019 to 1.063) was isolated from the
plasma of normal volunteers by the method of sequential ultra-
centrifugation, as previously described [32, 33]. Isolated LDL was
dialyzed for 24 hours at 4°C against buffer A containing 0.15 M
NaCI and 0.24 mvt EDTA, pH 7.4. After dialysis, LDL was stored
at 4°C under nitrogen and was used within 14 days. The protein
content of LDL was measured using bicinchoninic acid [34] with
BSA as a standard.
To oxidize LDL, EDTA was removed by dialysis for two hours
and the LDL (1 mg/ml) was incubated with 10 /SM copper sulfate
in phosphate-buffered saline (PBS) for 24 hours at 37°C. The
process was arrested by an addition of 200 LM EDTA and 40 aM
butylated hydroxytoluene. This yielded an Ox-LDL, in which
thiobarbituric acid-reactive substance (TBARS) content was 7
nmol malondialdehyde (MDA) equivalents/mg of protein. Prior
to each experiment, LDL and Cu-catalyzed Ox-LDL were
dialyzed against PBS and filtered through a 0.2 xm filter.
Production of monoclonal antibodies against Ox-LDL
Female BALB/c mice were intraperitoneally immunized with
100 xg Cu -catalyzed Ox-LDL at intervals of four weeks. After
three days from the last boosting, splenocytes from the immunized
mice were fused with mouse SP2 myeloma cells, and hybridomas
were selected and cloned as previously described [35]. Two
monoclonal antibodies (mAbs), OL-lO and OL-13, specific for
Ox-LDL were selected. Both of them were of the 1gM antibody
subclass. ELISA and Western blot analysis demonstrated that
both antibodies reacted with MDA-modified LDL and MDA-
modifed BSA as well as Cu-catalyzed Ox-LDL, indicating that
they recognize the MDA-modified peptide epitope (Fig. 1).
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Fig. 1. Speciflciiy of mAb against Cu tcatalyzed Ox-LDL for MDA-
modified peptide epitope. Serial dilutions of ascitic fluid containing mAb
OL-lO were incubated with native LDL (LI), Ox-LDL (0), BSA (A),
MDA-modified LDL (•) and MDA-modifled BSA (U followed by an
incubation with peroxidase-conjugated goat anti-mouse immunoglobulin.
Bound antibody was quantitated by measuring the absorbance of chromo-
gen with an ELISA reader at 490 nm.
Experimental conditions
HMCs were grown to near confluency. The cells were synchro-
nized to quiescence in serum-free DMEM containing 5 jxg
insulin-transferrin-selenite/ml for 48 hours. After synchronization,
experiments were performed by the addition of 100 to 500 tg
LDL protein/ml serum-free DMEM, or 200 jxg Cu-catalyzed
Ox-LDL protein/mi medium to HMC in the absence or presence
of vitamin E (50 jiM) for 48 hours. Also, synchronized HMCs were
incubated with both 200 jig/mi LDL and mAb OL-lO in serum-
free DMEM for 48 hours. To evaluate the direct effects of lipid
peroxidation products on collagen gene expression, quiescent
HMCs were exposed to 200 jiM MDA in serum-free DMEM for
three hours. In a given experiment, simultaneous control mono-
layers were treated with serum-free DMEM alone.
Determination of lipid peroxidation
As a measure of lipid peroxidation, TBARS content in culture
supernatants was determined as described previously [36] with
slight modification. In brief, 4 ml of 1/12 N H2S04 and 0.5 ml of
10% phosphotungstic acid were added to 0.1 ml of the sample.
The mixture was centrifuged for five minutes at 3,000 rpm. The
precipitate was suspended in 2.9 ml of distilled water. Freshly
diluted tetramethoxypropane, which yields MDA, was used as a
standard. To the suspension, 1 ml of 1% thiobarbituric acid, 1 ml
of glacial acetic acid and 0.1 ml of 10 mi FeCI1 were added. The
mixture was heated in a boiling water bath for one hour. After
cooling, 5 ml of n-butanol and 0.5 ml of (NH4)2S04 solution were
added. The mixture was centrifuged at 3,000 rpm for five minutes.
TBARS in the upper n-butanol layer were estimated on a Kontron
fluorescence spectrophotometcr at a 515 nm excitation and 546
nm emission.
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Assessment of DNA synthesis
HMCs were plated in each well of 96-well culture plates at a
density of i0 cells per well. At confluency, cells were synchro-
nized for 48 hours and exposed to the same experimental condi-
tions as described above. During the last 18 hours of the incuba-
tion period, 3H-thymidine (1 jxCi/well) was added to all wells. At
the end of the pulsing period, cells were washed, dissolved in 1%
sodium dodecyl sulfate (SDS)I0.3 N NaOI-1 solution, and placed in
4 ml scintillation cocktail for determination of total radioactivity.
Detection of Ox-LDL and secreted type IV collagen by Western
blot analysis
At the end of the incubation, the culture supernatants were
harvested and centrifuged to remove cell debris. Samples were
electrophoretically resolved in 5% polyacryladmide gel in SDS
buffer under nonreducing conditions according to the method of
Laemmli [371 and transferred to nitroceilulose membranes using
methods described previously [381. The blots were incubated in
blocking solution for one hour and incubated with either mAb
OL-lO (anti-Ox-LDL) or goat anti-type IV collagen at room
temperature for one hour. Bound murine antibody was visualized
after incubation with horseradish peroxidase-conjugated goat
anti-mouse immunoglohulin and ECL. Bound goat antibody was
visualized by the subsequent incubation with horseradish peroxi-
dase-conjugated rabbit anti-goat lgG and ECL.
Estimation of collagen production by HMC
Collagen synthesis by HMC was estimated using collagenase
digestion as described [39]. Cells were grown in 24-well culture
plates to near confluency. After synchronization, cells were ex-
posed to 100 to 500 jxg LDL protein/mi medium for 48 hours in
the presence of 10 1.tCi/ml 3H-proline. At the end of the incuba-
tion, media were removed and each well was sonicated. After
addition of 50% TCAJ5 mivi proline solution and centrifugation at
12,000 rpm for eight minutes, the pellet was washed several times
and then dissolved in 0.2 N NaOH. A portion of the lysate was
digested with collagenase. Nondigested proteins were precipitated
with 50% TCA/2.5% tannic acid. The precipitate was separated
from the supernatant by centrifugation at 12,000 rpm for eight
minutes, after which the supernatants were counted in a liquid
scintillation counter. The coliagenase-resistant proteins were dis-
solved in 0.2 N NaOH and their radioactivity was determined. The
relative percentage of collagen produced relative to total protein
was estimated using the formula:
[CPM (counts per min)j in the supernatant
[(CPM in the pellet) >< 5.41 + (CPM in the supernatant)
Isolation of RNA and Northern blot analysis
Total cellular RNA was isolated from I to 3 million mesangial
cells according to the acid guanidium thiocyanate-phenol-chioro-
form extraction method [40]. RNA integrity was confirmed by
fractionation on 1.2% agarose-furmaldehyde gels containing
ethidium bromide and by examination of the 28S and 18S
ribosomal bands. The purity of the RNA preparation was assessed
by measuring the optical density ratio at 260 and 280 nm.
RNA samples were denatured and electrophoresed through
1.2% agarose-formaldehyde gels and transferred by capillary
blotting onto nylon filters. The RNA was fixed to the filter by
ultraviolet irradiation for 1.5 minutes in an ultraviolet cross linker
(UVP). The blotted membranes were incubated for 12 to 24 hours
with the specific 32P-labeled cDNA probes in standard hybridiza-
tion solution and subjected to stringency washes, according to the
method of Church and Gilbert [41]. The filters were dried and
exposed at —70°C to Kodak X-OMAT-AR film with the aid of
intensifying screens for 6 to 36 hours. The autoradiograms were
scanned with a Mitsubishi densitometer. The levels of collagen
al(1), ul(III), and al(IV) mRNA in each sample were normal-
ized to the level of -actin mRNA. Although absolute amounts of
the collagen mRNA could not be quantitated, it was possible to
compare the relative collagen mRNA levels by controlling the
total mRNA concentration based on the p-actin mRNA level.
Preparation of cDNA probes
A eDNA probe for the ai chain of mouse type IV collagen
(pUCi245) [42] was a 3.5, 1.39, and 0.87 kbBamHl fragment and
was shown to recognize a transcript of 6.7 kb and 5.4 kb mRNA in
humans. A eDNA probe for the a 1(I) collagen chain [43] detects
a transcript of 4.4 kb and 1.5 kb EcoRI fragment. A eDNA probe
for the mouse crl(III) collagen chain 1441 was provided by Dr. Y.
Yamada (National Institute of Dental Research, Bethesda, MD,
USA) and was shown to detect a 1.8 kb EcoRI genomic fragment
of type III collagen chain. A eDNA probe for platelet-derived
growth factor (PDGF)-f3 [45] was a 3.1, 2.1 and 0.68 kb BamHI
fragment and was shown to recognize a 2.1 kb transcript. The
eDNA probes for the 1 chains of types I and IV collagens, PDGF
and f3-actin were obtained from American Type Culture Collec-
tion (Roekville, MD, USA). The mouse collagen eDNA probes
shared the sequence homology of about 90% with human collagen
mRNA. Between 10 to 50 ng of a eDNA template was radiola-
beled with 50 1xCi of 32P-dCTP using a Rediprime labeling kit, the
random primer DNA labeling system [461. The cDNAs were
purified on a Sephadex G-50 purification column. The specific
activity was approximately 1 >< io cpm/jxg of eDNA.
Immunohistochemistty
HMCs in tissue culture slides (Lab-Tek) were grown to 80%
confluency, synchronized and exposed for 24 hours to 200 jxg LDL
protein/mi medium in the absence or presence of 50 IIM vitamin
E, and for three hours to MDA (200 M) in serum-free DMEM.
Cells were fixed for 15 minutes in 4% paraformaldehyde, 20 jxM
butylated hydroxytoluene, 2 mvt EDTA, and 5% sucrose. After
washing with PBS, cells were incubated with primary antibody,
mAb OL-lO, for 30 minutes at 25°C. Rabbit anti-mouse immuno-
globulin, absorbed with human immunoglohulin, was used as a
linker for a 30 minute incubation. Then cells were incubated with
an APAAP immune complex for 30 minutes followed by an
incubation with filtered alkaline phosphatase substrate solution
for 20 minutes at 25°C. Cells were counterstained with hematox-
ylin. Nonspecific antibody reactions were assessed by omitting the
primary mAb.
Statistics
Results were expressed as mean Sn or SE. Results were
analyzed by two-way analysis of variance (ANOVA) among three
groups or by Wilcoxon's rank sum test between two groups. A P
value of less than 0.05 was considered significant.
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Table 1. Effects of human mesangial cell culture on peroxidation
of LDL
TBARS
Experimental condition nmol MDA/ml media
Incubated 48 hr without cells
LDL 200 g/ml without EDTA 6.1 2.2
LDL 200 sgJml with EDTA 4.8 2.6
Incubated 48 hr with cells
LDL 100 jsglml 6.8 3.1
LDL 200 /LgIml 24.5 43
+ vitamin E (50 jLM) 10.6 24hCu-oxidized LDL 200 sg/ml 19.7 3.8
LDL 500 pg/mI 40.0 7.5'
Unincubated, LDL 200 pg/mI 0.2 0.2
Values arc mean Sc of triplicate samples.
a P < 0.05 by repeated ANOVAhP < 0.05 vs. LDL 200 pg/mI without vitamin E by Wilcoxon's test
Results
Oxidative modification of LDL by cultured HMC
We demonstrate that LDL is susceptible to oxidation induced
by cultured HMC as shown by the considerable amounts of
TBARS in their culture supernatants (Table 1). As expected, the
degree of lipid peroxidation increased in accordance with the
amounts of LDL added (P < 0.05). TBARS increased to a
measurable amount after a one hour incubation of LDL with
HMC, and then reached a plateau after three hours.
Also, Ox-LDL was detected in culture supernatants by immu-
noblotting utilizing mAb OL-lO after incubation of HMC with
LDL (Fig. 2). Since mAb OL-lO recognized the MDA-modified
peptide epitope, it appears that lipid peroxidative products
formed during oxidation of LDL modified apolipoprotein B in
LDL. Furthermore, there was a marked increase in MDA-
modified proteins in the cytoplasm of HMC incubated with either
LDL or MDA by immunohistochemistry utilizing mAb OL-lO
(Fig. 3).
The addition of vitamin E, an antioxidant, to cultured HMC
exposed to LDL significantly reduced the production of TBARS
(Table 1; P < 0.05), leading to a marked decrease in MDA-
modified proteins in culture supernatants (Fig. 2) or in the
cytoplasm of HMC (Fig. 3).
Involvement of oxidation in LDL-induced stimulation of collagen
gene expression
LDL stimulated types I, III and IV collagen gene expression in
HMC after 48 hours of incubation with HMC (Fig. 4 and Table 2).
The levels of x1(I), csl(III), and al(IV) mRNA were increased in
accordance with LDL concentration (P < 0.05). LDL at concen-
trations of 200 .tg/ml increased the csl(I), cd(III), and l(IV)
collagen transcripts by 3.7-, 3.8-, and 3.2-fold over the level in the
control cells. These transcripts were further increased 5.4-, 6.7-,
and 5.9-fold, respectively, at concentrations of 500 tg/ml. Cu-
catalyzed Ox-LDL at a concentration of 200 j.tg/ml also stimulated
the al(I), al(III), and csl(IV) mRNA expression 4.4-, 5.9-, and
2.8-fold, respectively, compared with the control cells (P < 0.05).
Yet with the higher concentration than 200 pg/mI of Cu-
catalyzed Ox-LDL, cell damage or death was clearly visible by an
inverted microscope.
The LDL-induced stimulation of collagen gene expression was
Fig. 2. Oxidative modification of LDL in HMC culture supernatants as
monitored by Western blot analysis using mAb OL-lO. Culture supernatants
of HMCs incubated for 48 hours with 200 /.Lg/ml LDL or 500 JLg/ml LDL
were positive for the MDA-modified proteins (lanes 1 and 3, respectively).
The addition of 50 /LM vitamin E to HMC culture media containing 200
pg/mI LDL markedly reduced the MDA modification of proteins (lane 2).
Control HMC culture supernatants incubated with serum-free DMEM did
not react with mAh OL-lO (lane 4).
significantly reduced by antioxidant or anti-Ox-LDL (Table 2).
The addition of vitamin E to HMC exposed to LDL markedly
reduced csl(I), csl (III), and cxl(IV) collagen mRNA expression
(Fig. 4) in proportion to the decrease in TBARS production. Also,
mAb OL-lO caused a marked reduction in the levels of mRNA for
ul(I) (Fig. 5), al(III), and 1(IV) stimulated by LDL.
To determine whether products of lipid peroxidation are re-
sponsible for the regulation of collagen gene expression, cells
were incubated with MDA. The addition of 200 /.LM MDA to
HMC for three hours increased 1(I) (Fig. 6), al(III), and al(IV)
mRNA expression by two- to threefold above baseline (Table 2).
Since changes in mRNA do not necessarily reflect the produc-
tion of more protein, we estimated the relative collagen synthesis
by HMC using collagenase digestion. Incubations of HMC with
LDL at a concentration of 200 xg/ml showed a significant increase
in the ratio of cell-associated collagen relative to total protein
when compared to controls. This increase in collagenous fraction
was significantly reduced by the addition of vitamin E (Table 3).
When the relative amount of type IV collagen in the media was
estimated by immunoblotting, LDL led to a slight increase in type
IV collagen secretion compared to controls (Fig. 7).
Effect of LDL on growth-associated phenomena
When the HMCs were incubated with 200 jig/mI LDL for 6, 12
and 48 hours, there was an elevation of PDGF mRNA expression
over controls only at six hours. The increased PDGF mRNA levels
returned to control levels after 12 hours (data not shown).
Furthermore, a slight hut significant increase in 3H-thymidine
incorporation into mesangial DNA was observed after the addi-
tion of 200 to 500 jig of LDL protein/ml medium (Table 4). The
addition of vitamin E to cultured 1-IMC exposed to LDL signifi-
cantly reduced the DNA synthesis.
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Fig. 3. Immunohistochemical identification of MDA -modified proteins in HMCs incubated with semm-free DMEM (control, A) alone, or with the addition
of 200 p.g/ml LDL (B), both 200 pg/mi LDL and 50 p. vitamin E (C) or 200 pM MDA (D). Heavy red stain is shown in the cytoplasm of HMCs incubated
with either LDL (B) or MDA (D). The staining is markedly diminished in HMCs incubated with both LDL and vitamin E (C). (APAAP X400).
Reproduction of this figure in color was made possible by a grant from Green Cross Corporation, Seoul, Korea.
Discussion
It is surmised that HMCs in culture induce peroxidation of LDL
and that this could be the mechanism by which LDL regulates the
collagen gene expression in cultured HMCs. Involvement of
oxidation in LDL-induced regulation of types I, III and IV
collagen mRNA level in HMC is indicated by four observations.
(1) LDL during its incubation with cultured HMC was oxida-
tively modified and stimulated collagen al(I), csl(IlI), and al(IV)
mRNA expression in a dose-dependent manner.
(2) Cuilcata1yzed Ox-LDL also stimulated al(I), csl (III), and
al(IV) mRNA expression in HMC.
(3) Vitamin E, an antioxidant, and mAb OL-lO (anti-Ox-LDL)
caused a marked reduction in al(I), al(I1I), and al(TV) mRNA
stimulated by LDL.
(4) The addition of MDA, a product of lipid peroxidation, to
HMC increased 1(l), al(I1I), and al(IV) mRNA expression.
Similar to the mechanism by which vascular smooth muscle cells
modify LDL [47], cultured HMCs seem to modify LDL by a
superoxide-initiated and iron-catalyzed free radical process [23].
Since iron is essential for the initiation and/or promotion of lipid
peroxidiation [48], cultured HMC might accumulate a consider-
able amount of iron [22, 49] before their exposure to serum-free
media. At the initial phase of incubations of LDL with HMC,
LDL is taken up by HMC in a receptor-mediated saturable
fashion [32]. Vitamin E protects LDL by scavenging hydroperoxyl
radicals in biological membrane without reacting in further chain-
propagating steps [50]. The excess LDL in culture supernatants
that is not taken up by HMC might be massively damaged by
oxidative stress after the consumption of its antioxidants [51].
Since HMCs have few specific receptors for Ox-LDL, internalized
Ox-LDL is not visualized by electron microscopy in cultured
HMCs [32]. Thus, the staining for mAb OL-lO in the cytoplasm of
HMC indicates the occurrence of proteins modified by diffused
MDA from culture supernatants rather than internalized Ox-LDL
itself.
Contrary to the previous report which suggested that very high
concentrations of LDL must be present for its peroxidation to
occur with HMC [231, we found a significant increase in TBARS
even at a concentration of 100 jig/mI of LDL. This difference
could be attributed to the removal of EDTA from our LDL by
dialysis just before the experiment to enhance its peroxidation
[17]. Yet the effect of EDTA on lipid peroxidation is very variable
acting either as an antioxidant or prooxidant [52]. Thus, the
difference could be due to a wide variation of TBARS assays used
in individual laboratories.
The concept that there could be a direct link between collagen
formation and lipid peroxidation was originally proposed by
Chojkier Ct a! [221. They observed that lipid peroxidation and
reactive aldehydes induced by ascorbic acid could stimulate type I
collagen gene expression in cultured human fibroblasts. Acetal-
dehyde also increased the collagen gene transcription in cultured
human fibrohlasts [53, 54]. Based on these findings, they proposed
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Fig. 4. Northern blot analysis of
total RNA from HMCs incubated
for 48 hours with serum-free DMEM
(lane 1) alone, or with the addition
of 200 pg/mi LDL (lane 2), 500
ig/ml LDL (lane 3), 200 p.g/mi
Cu-catalyzed Ox-LDL (lane 4) or
both 200 pg/mi LDL and 50 pM
vitamin E (lane 5). The blots were
hybridized with [32P]-labeled
cDNAs for: (A) nl(I) collagen; (B)
al(III) collagen; (C) al(IV)
collagen; and (D) 13-actin.
Table 2. Relative values of csl(I), al(III) and al(IV) mRNA levels in human mesangial cells at 48 hours of incubation
Condition Control
LDL Cu-Ox-LDL
200 pg/mI
Vitamin E
50 M + LDL
200 pg/mi
Anti-Ox-LDL
+ LDL
200 pg/mI
MDAd
200 pM200 pg/mI 500 pg/mi
al(I)
al(III)
al(IV)
i'
1'
1'
3.7 0.4'
3.8 0.5'
3.2 0.8'
5.4 1.0'
6.6 1.2'
5.9 1.5'
4.4 0.5"
5.9 09b
2.8 03h
1.0 0.2'
1.2 0.3c
1.3 0.2'
1.8 0.3"
1.7 0.5"
2.0 0.7'
3.1 0.3"
2.1 0.2"
1.9 0.4"
Results are given as densitometry readings compared to those in control cells. Prior to this all readings were normalized for equivalent amounts of
-actin mRNA. Each value represents mean SE.
P < 0.05 by repeated ANOVA
"P < 0.05 vs. control by Wilcoxon's test
"P < 0.05 vs. LDL 200 pg/mI by Wilcoxon's test
"Cells were exposed to MDA for 3 hours
that products of lipid peroxidation either directly or in a conju-
gated form with protein may play a role in enhancing the collagen
gene expression [22]. In the present study, we demonstrate that
the addition of LDL or MDA stimulates collagen mRNA expres-
sion in cultured HMC, whereas antioxidant or mAb OL-lO
inhibits the process. MDA-modified proteins are present in the
cytoplasm of HMC exposed to either LDL or MDA. MDA in
culture supernatants can be conjugated with the lysine residue of
receptor proteins on cell surface, which in turn activates the signal
transduction system leading to expression of collagen genes. Or it
can penetrate the cell membrane by diffusion, react with regula-
tory proteins of collagen genes and cause significant modifications
of these proteins, resulting in enhanced expression of al (I),
al(III) and al(IV) collagen gene in cultured HMC, Anti-Ox-LDL
(mAb OL-lO) can bind not only to MDA-altered protein but also
to MDA itself reducing the level of free MDA in culture media.
Decreased free MDA could be related to reduced collagen gene
expression by the mechanisms discussed above.
In agreement with the previous report [55], we observed a mild
increase in DNA synthesis and an early transient elevation of
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1 2 3 Table 3. Collagenous fraction (%) of total cell-associated proteinssynthesized by human mesangial cells at 48 hours of incubation
LDL Vitamin E + LDL
Control 200 xg/m1 200 pg/mI
6.9 0.9 8.3 0.9" 6.8 i.2
Values repesent mean SI) (N = 10).
P < 0.05 vs. control
'P < 0.05 vs. LDL 200 pg/mi by Wilcoxon's test
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Fig. 5. Northern blot analysis fbr a] (I) collagen mRNA in HMCs incubated
for 48 hours with serum-free DMEM (lane 1) alone, or with the addition of
200 p.g/ml LDL (lane 2) or both LDL and mAb OL-lO (lane 3).
cx1(I))
3-actin)
1 2
Fig. 6. Northern blot analysis for aJ(J) collagen mR/VA in J-)MCs incubated
for three hours with serum-free DMEM (lane 1) alone, or with the addition of
200 pvi MDA (lane 2).
PDGF mRNA level in HMC exposed to LDL. PDGF is poten-
tially important in mesangial cell proliferation leading to glomer-
ulosclerosis [56, 57]. The increase in DNA synthesis in the present
study could be caused by increased expression of PDGF. None-
theless, it is not clear whether the increased expression of PDGF
affected the collagen secretion observed in this study.
Fig. 7. Western blot analysis of HMC culture supernatants for type IV
collagen: Effect of LDL. HMCs were incubated for 48 hours with serum-
free DMEM (lane 1) alone, or with the addition of 200 pg/mI LDL (lane
2) or both 200 pg/mi LDL and 50 /.LM vitamin E (lane 3).
As mentioned earlier, several authors found that LDL stimu-
lated type IV collagen gene transcription in cultured rat mesangial
cells [30, 3ij. Because they used 100 to 200 pg/ml of LDL during
the long incubation period of about 24 to 48 hours, we presume
that cell-oxidized LDL rather than native LDL could have played
a crucial role in increased collagen gene transcription in those
studies.
In a number of human glomerular diseases, apolipoprotein
B-containing lipoproteins accumulate within the mesangial matrix
[58]. Increased collagen [591 or other extracellular matrix [601 in
the diseased glomeruli may contribute to the retention of LDL in
the mesangial matrix. When LDL is trapped for a prolonged
period of time in mesangial matrix with depleted antioxidants, it
may he oxidized by glomerular mesangial cells [23—251 or infil-
trating macrophages [61]. Indeed, several studies suggest that
oxidative modification of LDL occurs in vivo: the presence of
Ox-LDL has been demonstrated by immunostaining in the lesions
of glomerulosclerosis in rats with experimental FSGS [141; plasma
from uremic patients contains considerable amounts of lipid
peroxidation products [62] and autoantibodies against Ox-LDL
[63].
Even though Ox-LDL is shown to occur in the glomeruli, the
mechanisms by which Ox-LDL is implicated in the development
of progressive glornerulosclerosis are unknown. We only assume
that Ox-LDL in mesangial matrix can recruit the circulating
monocytes, which can lead to foam cell formation and stimulation
of collagen secretion a originally proposed in atherogenesis [12,
64]. Furthermore, the present study suggests that LDL lipid
peroxidation may act in the regulation of mesangial matrix
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Table 4. Effects of LDL on 3H-thymidine incorporation in human
mesangial cells at 48 hours of incubation
LDL 3H-thymidine incorporation
______
jig/mi
______
cpm
0 1887 426
100 2400 857
200 2405 554
200 + vitamin E (50 jiM) 1980 345h
500 2661 45T
Values represent mean SI) (N = 12).
a P < 0.05 vs. control
< 0.05 vs. LDL 200 jig/mI by Wilcoxon's test
synthesis by a direct action of its products on regulatory proteins
of collagen genes in mesangial cells. In experimental FSGS, not
only glomerular al(IV, mRNA levels but also al(I) and 1(II1)
transcripts increased [6], suggesting that an elevation of these
transcripts is associated with the development of FSGS. Thus, our
results on Ox-LDL causing an increase in al(I), al(III) and
ol(IV) collagen mRNA levels, although obtained from cultures,
seem to have important implications in explaining the pathogen-
esis of FSGS.
In summary, the present study demonstrates that peroxidative
products of LDL could regulate collagen gene expression possibly
via modification of proteins that are responsible for the expression
of collagen genes in cultured HMC. This observation suggests that
lipid peroxidation of LDL may participate in the progression of
glomeruloselerosis by enhancing mesangial collagen synthesis.
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